We have used Y-chromosomal polymorphisms to trace paternal lineages in Polynesians by use of samples previously typed for mtDNA variants. A genealogical approach utilizing hierarchical analysis of eight rare-event biallelic polymorphisms, seven microsatellite loci, and internal structural analysis of the hypervariable minisatellite, MSY1, has been used to define three major paternal-lineage clusters in Polynesians. Two of these clusters, both defined by novel MSY1 modular structures and representing 55% of the Polynesians studied, are also found in coastal Papua New Guinea. Reduced Polynesian diversity, relative to that in Melanesians, is illustrated by the presence of several examples of identical MSY1 codes and microsatellite haplotypes within these lineage clusters in Polynesians. The complete lack of Y chromosomes having the M4 base substitution in Polynesians, despite their prevalence (64%) in Melanesians, may also be a result of the multiple bottleneck events during the colonization of this region of the world. The origin of the M4 mutation has been dated by use of two independent methods based on microsatellite-haplotype and minisatellite-code diversity. Because of the wide confidence limits on the mutation rates of these loci, the M4 mutation cannot be conclusively dated relative to the colonization of Polynesia, 3,000 years ago. The other major lineage cluster found in Polynesians, defined by a base substitution at the 92R7 locus, represents 27% of the Polynesians studied and, most probably, originates in Europe. This is the first Y-chromosomal evidence of major European admixture with indigenous Polynesian populations and contrasts sharply with the picture given by mtDNA evidence.
Introduction
The Polynesians were skillful ocean-going navigators at a time when the Greeks and Romans were little more than coastal sailors. Prior to 1500 A.D. they constituted the most geographically widespread people on Earth (Bellwood 1987) ; their remarkable settlement of the remote Pacific islands has been extensively studied from the viewpoint of the archaeological record and cultural and linguistic affiliations (Jennings 1979) . The Pacific islands have been traditionally classified into three geographical areas. Melanesia includes Papua New Guinea and islands to the east, including the Solomon Islands and Vanuatu. To the north of Papua New Guinea, the dispersed archipelagos of Micronesia stretch from Palau in the west to Kiribati in the east. The islands to the east of Fiji constitute Polynesia, a vast ocean triangle with sides ∼6,500 km in length and apices at Hawaii, Aotearoa (New Zealand), and Rapanui (Easter Island).
Archaeology, anthropology, and linguistics (Bellwood 1987 (Bellwood , 1989 (Bellwood , 1991 have been used to construct the following picture of the region's prehistory. Approximately 30,000-50,000 years before the present (YBP), australoid hunter-gatherers moved through Southeast Asia into the Sahul landmass, which comprised the present islands of Papua New Guinea and Australia. These peoples are thought to be ancestral to the extant populations of native Australians and Papuan highlanders. The second major prehistoric migration into the region is associated with the expansion of a mongoloid Austronesian-speaking population, which began 5,000-6,000 YBP in Taiwan and coastal Southeast China. Over a relatively short period, their highly developed navigational skills allowed them to settle the islands of Melanesia, beyond the Solomon Islands, that had not previously been colonized by the australoid population. By 3,000 YBP, Fiji in eastern Melanesia and Samoa and Tonga in western Polynesia had been reached. This initial colonization of island Melanesia is associated with the Lapita culture, characterized by its distinctive pottery, and was quickly followed by the migration of other Melanesian populations that had acquired ocean-going skills. Colonization of remote Oceania followed a lengthy period of adaptation in western Polynesia, during which a distinct Polynesian culture developed. The Marquesas were reached by 300 A.D., followed by Hawaii (by 500 A.D.), Rapanui (by 800 A.D.), and, finally, Aotearoa (by 1200 A.D.) .
Linking of the proto-Polynesians to the Lapita culture, whose sites are found in island Melanesia, suggests relatively little genetic contribution of australoid peoples to Polynesians. Rather, it has been thought that the Polynesians had their origins in the relatively rapid maritime expansion from Southeast Asia (Bellwood 1979 ). An alternative model postulates that the proto-Polynesians evolved within Melanesia, from the resident population that had been there for у30,000 years (Terrell 1986 ). A third model proposes a substantial colonization of Polynesia from the Americas (Heyerdahl 1950) . In addition, during the past 300 years there has been substantial contact with Europeans, who may have contributed genetically to the extant population. Analysis of classic nuclear-encoded markers in Polynesians has weakly supported a Southeast Asian origin with perhaps some Melanesian admixture (Hill and Serjeantson 1989) , a contribution that has been further supported by the discovery, in Polynesians, of a specific thalassemia allele of Melanesian origin (Hill et al. 1985) . There has been no strong support for an American origin, although data from classic loci were never able to exclude this possibility because Native Americans themselves have an origin in Asia.
In contrast to these uncertainties, studies utilizing mtDNA have been particularly informative (Lum et al. 1994; Melton et al. 1995; Redd et al. 1995; Sykes et al. 1995) . A common lineage cluster comprising three or four characteristic base substitutions in the control region and a 9-bp deletion elsewhere in the mitochondrial genome has been found in 94% of all Polynesian mtDNA samples. It has also been found at moderate frequency in coastal Papua New Guinea. Ancestral haplotypes have been traced to Indonesia, the Philippines, and Taiwan (Melton et al. 1995; Sykes et al. 1995) . Other maternal lineages identified in Polynesians (Lum et al. 1994 ) have been confirmed as showing a Melanesian australoid admixture of ∼4% (Sykes et al. 1995) . A common finding in all genetic studies has been a striking lack of diversity in Polynesians, compared with source populations in Melanesia and Southeast Asia (Flint et al. 1989; Lum et al. 1994; Sykes et al. 1995) . Together with a cline of diversity within mitochondrial lineage groups, from high in western Polynesia to low in eastern Polynesia (Sykes et al. 1995) , this suggests that there have been, not surprisingly, severe population bottlenecks during the colonization of Polynesia. There is no mtDNA evidence for a substantial input from either the Americas or Europe.
Most of the paternally inherited Y chromosome is haploid and thus escapes recombination. Mutations on this portion of the chromosome represent a simple record of its evolution, which can be used to address questions of human population structure (Jobling and TylerSmith 1995) . Modern Y chromosomes coalesce back to a common ancestor who has been dated, in independent studies, to 188,000 YBP (Hammer 1995) , 37,000-49,000 YBP (Whitfield et al. 1995) , or ∼170,000 YBP (Underhill et al. 1997) . Mating practices, the cultural phenomenon of patrilocality, and the small effective population size of the Y chromosome result in a high degree of geographical differentiation, which has been utilized to investigate prehistoric migration events (Underhill et al. 1997; Zerjal et al. 1997) . It is the presence of different Y-chromosomal lineage clusters in Southeast Asia, the Americas, and Europe that allows us to investigate the origins of Polynesian Y chromosomes. The Y chromosome is likely to be more sensitive than other loci to certain kinds of admixture-for example, recent maledominated admixture between populations normally separated by geographical distance. The Y chromosome contains a wealth of different polymorphic systems with different mutational mechanisms and rates that vary from ∼ /locus/gener-Ϫ7 5 # 10 ation, for base substitutions (Hammer 1995) , to a few percent per generation, for the minisatellite MSY1 . Initial attempts to use the Y chromosome for regional evolutionary studies were hampered by a lack of well-characterized polymorphisms (Spurdle and Jenkins 1992; Spurdle et al. 1994) . Recently, however, a number of studies have successfully addressed questions of regional prehistory by use of the Y chromosome (Underhill et al. 1997; Zerjal et al. 1997) . It has been suggested that the best way to utilize the information content from the different polymorphic systems is to adopt a genealogical approach based on a hierarchical analysis of different marker systems (Jobling and Tyler-Smith 1995; Santos and Tyler-Smith 1996; de Knijff et al. 1997 ). This entails subdivision of sets of chromosomes into distinct lineage clusters defined by compound haplotypes (haplogroups) of rare-event biallelic polymorphisms, followed by assaying of diversity within such haplogroups by use of more variable loci such as mini-and microsatellites. This provides information about the demographic history of haplogroups while minimizing the effect of recurrent mutation in the multiallelic polymorphic systems.
This study complements the mtDNA analysis, by examining the paternal lineages of two populations, one from coastal Papua New Guinea and the other from Polynesia (Cook Islands), by use of Y-chromosomal markers that can be assayed by PCR. Thirty of the 33 Cook Islands samples have the common Polynesian mtDNA haplotype characterized by control-region transitions at positions 16189, 16217, 16247, and 16261.
Seven base substitutions and one insertion/deletion were used to distinguish 10 possible Y-chromosome haplogroups, and diversity within observed haplogroups was assayed by use of seven microsatellite loci and the minisatellite MSY1.
A well-documented and well-dated history suggesting simple population movements in Oceania has been drawn from studies of achaeology, linguistics, and maternal lineages; Oceania thus represents an ideal region for studies of paternal lineages. This is the first Y-chromosomal study to reveal substantial European admixture within the Polynesian Y-chromosomal pool.
Subjects and Methods

Subjects
The DNA samples used in this study were provided by 91 individuals from two locations in the Pacific, all of whom had agreed to take part in a genetic survey. Polynesian samples came from Rarotonga in the Cook Islands in central Polynesia. Melanesian samples were from Port Moresby in Papua New Guinea.
Biallelic-Polymorphism Typing
All of these polymorphisms can be typed by use of similar PCR protocols. Although the cycling programs differ, the reaction volume (10 ml) and composition are the same. Samples (10-20 ng) of genomic DNA were added to a PCR buffer, as described by Jeffreys et al. (1990) , with the addition of 1 mM of each primer and 0.5 U of Taq polymerase (Advanced Biotechnologies).
All PCR reactions were done in 96-well Thermowell M microtiter plates in an MJR PTC-200 machine. For RFLP analysis, 1 U of the appropriate restriction enzyme in 10 ml of 2 # digestion buffer was added directly to the PCR reaction and incubated at the appropriate temperature for 2 h. All 96 digest/PCR products were run out on a single agarose gel (1%-3%; Seakem agarose [FMC] ), in 1 # Tris-borate EDTA (TBE), by means of gel tanks designed and made in house. All pipetting operations were performed with 12-channel pipettes. A Y Alu polymorphism (YAP) was typed according to the procedure of Hammer and Horai (1995) ; SRY-1532 (identical to SRY 10,831 of Whitfield et al. 1995) was typed according to the procedure of Kwok et al. (1996) ; and SRY-2627 was typed according to the procedure of Veitia et al. (1997) , who referred to it as "SRY-2628." DYS199 was typed by use of the PCR primers 5 -TAATCAGTCTCCTCCCAGCA-3 and 5 -AGGTA-CCAGCTCTTCCCAATT-3 ; a cycling program of 94ЊC for 20 s, 59ЊC for 20 s, and 72ЊC for 30 s, repeated 36 times; and the restriction enzyme MfeI. SRY-3225 (identical to SRY 9,138 of Whitfield et al. 1995) was typed by use of the primers 5 -CAACTGTTGAGAAATAGTC-ATC-3 and 5 -CCCAGATGCATATATTACAGG-3 ; a cycling program of 94ЊC for 30 s, 58ЊC for 30 s, and 72ЊC for 60 s, repeated 34 times; and the restriction enzyme HaeIII. 92R7 (Mathias et al. 1994) was also typed by use of a PCR-RFLP assay (M. E. Hurles and C. Tyler-Smith, unpublished data). The M4 amplicon (DYS234), which has been shown to contain a site polymorphic in Oceanic people (Underhill et al. 1997) , was typed by PCR-RFLP analysis, with PCR conditions of 94ЊC for 30 s, 60ЊC for 30 s, and 72ЊC for 45 s, repeated 34 times, and NdeI digestion. M9 was amplified by use of the conditions described by Underhill et al. (1997) , and the polymorphic site was assayed by digestion with HinfI.
The polymorphism SRY-2627 was typed only on those chromosomes that had been shown to carry the 92R7 (1) allele, since this polymorphism has been shown to occur only on this chromosomal background (M. E. Hurles, unpublished data). Polymorphisms known to occur only on a YAP ϩ background were not typed in the sample set, since it contained no YAP ϩ chromosomes. Y chromosomes having the Tat polymorphism (Zerjal et al. 1997 ) constitute a subset of 50f2/C-deletion chromosomes (Jobling et al. 1996) . 50f2/C-deletion chromosomes are identified by the absence of the 203-bp MSY1 homologue, which is coamplified in the MSY1-flanking PCR prior to minisatellite variant repeat-PCR (MVR-PCR) . No such deletion chromosomes were detected in the MSY1-flanking reactions, and, therefore, the Tat polymorphism itself was not typed in these samples.
The allelic states of each haplogroup are as follows (in the order DYS199, YAP, SRY-3225, SRY-1532, 92R7, M4, SRY-2627, and M9): haplogroup 1 chromosomes have the compound haplotype 00011001, those of haplogroup 2 have 00010000, those of haplogroup 3 have 00001001, those of haplogroup 24 have 00010101, and those of haplogroup 26 have 00010001. Binary nomenclature indicates ancestral (0) and derived (1) forms of the polymorphism: 92R7, YAP (Jobling and Tyler-Smith 1995) , SRY-1532, SRY-3225 (Whitfield et al. 1995) , DYS199 (Underhill et al. 1996) , M4, M9 (Underhill et al. 1997) , and SRY-2627 (Veitia et al. 1997) .
Microsatellite Typing
The following seven highly polymorphic Y chromosome-specific microsatellites were analyzed: DYS19, DYS389I, DYS389II, DYS390, DYS391, DYS392, and DYS393; all have tetranucleotide-repeat units, except for DYS392, which has a trinucleotide-repeat unit. Primer sequences are as described elsewhere , except for the forward primer of DYS389II, which was 5 -TCCAACTCTCATCTGTATTATCTAT-GTG-3 . PCR reactions were performed in a 15-ml re-action volume containing 6 pmol of each primer, 200 mM of each dNTP, 1# GeneAmp PCR buffer II, 1.5 mM MgCl 2 , 0.375 U of AmpliTaq Gold (PE Applied Biosystems), and 50 ng of DNA. The forward primer was 5 -labeled with tetrachlorofluoroscein (DYS19, DYS389I, and DYS389II), carboxyfluoroscein (DYS390, DYS391, and DYS393), or 4,7,2 ,4 ,5 ,7 -hexachloro-6-carboxyfluoroscein (DYS392). The general PCR profile was as follows: 94ЊC for 14 min, annealing temperature (AT) for 1 min, 72ЊC for 0.5 min, and 94ЊC for 1 min, with the latter three steps repeated 35 times; AT for 1 min; and 72ЊC for 10 min. Annealing temperatures were as follows: 54ЊC for DYS19, 51ЊC for DYS389I, 55ЊC for DYS389II, 56ЊC for DYS390, 55ЊC for DYS391, 53.5ЊC for DYS392, and 56ЊC for DYS393.
The PCR products from all seven individual reactions were diluted and pooled together with a size-standard GeneScan-500 TAMRA, so that an individual's sevenlocus microsatellite haplotype could be read from a single gel track (Reed et al. 1994) . The pooled products were run on denaturing 6% acrylamide gels in 1 # TBE on an Applied Biosystems 373A DNA sequencer. Gels were analyzed by ABI PRISM GeneScan Analysis 2.0.2, and samples were genotyped by Genotyper 1.1 (both from PE Applied Biosystems). By means of GAS (geneticanalysis system [A. Young, personal communication]), the discrete distributions of allele lengths were then put into allele bins, which were assigned numbers according to their sizes, with the smallest allele being denoted "1." To account for the DYS389I variable array being contained inside the DYS389II amplicon (Cooper et al. 1996) , the length of the DYS389I product was subtracted from that of DYS389II, prior to placement in allele bins. The correspondence between our allele definitions and the repeat-unit number of previously published sources ) is as follows: allele 1 corresponds to DYS19, repeat-unit number 11; DYS389I, repeat-unit number 9; DYS389II, repeat-unit number 15; DYS390, repeat-unit number 20; DYS391, repeat-unit number 9; DYS392, repeat-unit number 11; and DYS393, repeat-unit number 12.
Minisatellite Coding
Three-state MSY1 MVR-PCR of repeat types 1, 3, and 4 was performed according to the method of Jobling et al. (1998) . A code-for example, (1)20(3)35(4)20-represents the minisatellite array as blocks of different repeat-unit variants, in this case 20 type 1 repeats are followed by a block of 35 type 3 repeats followed by a block of 20 type 4 repeats. Modular-structure nomenclature of, for example, the form (1,3,4) refers to a block of type 1 repeats followed by a block of type 3 repeats followed by a block of type 4 repeats.
Sequence Analysis of MSY1 Null Repeats
MSY1 alleles containing null repeats were analyzed by fluorescent automated sequencing of PCR products generated by means of the primers Y1A ϩ and Y1B ϩ .
Phylogenetic Analysis
The haplogroup tree was based on that of Jobling and Tyler-Smith (1995) and used only those polymorphisms that are presently typable by PCR and incorporated the new polymorphisms DYS199, SRY-2627, SRY-3225, M9, and M4, by typing them on a fully representative panel of chromosomes previously typed for all polymorphisms in the original tree. Minimum spanning microsatellite networks were constructed for chromosomes belonging to individual haplogroups, under the assumption of a single-step mutation process, by means of pairwise comparisons between all haplotypes. Initially all haplotypes differing by single mutational steps are linked, and then most-parsimonious steps of greater mutational distance are considered, in turn, until all haplotypes are included in the network. All most-parsimonious steps linking any given haplotype into the network are included (Zerjal et al. 1997) .
The root for the maximum-parsimony tree used in dating haplogroup 24 (Bertranpetit and Calafell 1996) was chosen by combining the mode allele length of each individual locus into a seven-locus haplotype. This haplotype is identical to haplotype 44, which is itself represented more than once in the data set. The network gives additional support for this haplotype being a plausible root because the latter occupies a central position within the network and has the greatest number of links to other haplotypes.
Results
A total of 33 unrelated Cook Islander and 58 unrelated Papua New Guinean samples were assayed for all polymorphisms. Of the 10 haplogroups defined by the rare-event biallelic polymorphisms, only 5 (i.e., haplogroups 1-3, 24, and 26) were observed in this sample set. Haplogroup 1 and haplogroup 3 chromosomes are found in Polynesians alone, haplogroup 2 and haplogroup 26 chromosomes are found in both Polynesians and Melanesians, and haplogroup 24 chromosomes are found only in Melanesians. Haplogroup 2 is the most ancestral. These data are summarized in figure 1 .
A total of 91 samples gave full biallelic-polymorphism data, and 79 of them also had full seven-locus microsatellite haplotypes; of these, 77 gave MSY1 codes. MSY1 subtypes were defined initially on the basis of modular structures of arrays of different repeat types that are represented more than once in the sample set. Three subtypes were defined: (1), (1,3,4); (2), (3,1,3,4);
Figure 1
Haplogroup distributions within Polynesians and Melanesians: unrooted trees based on that in the work of Jobling and Tyler-Smith (1995) , with new mutations added (see Subjects and Methods). Circles represent haplogroups, and lines represent single mutational steps between them. Lines are labeled with the polymorphisms that they represent. Circle area is proportional to the number of chromosomes within a given haplogroup. Dots at the ends of the lines denote haplogroups not represented in that population. Numbers within circles indicate haplogroup number. All 91 chromosomes with full rare-event biallelic-polymorphism data are included, irrespective of the status of their microsatellite or minisatellite data. and (3), a group of MSY1 codes that all end with the modular structure ()4,0,4). An additional subtype (3,1,3 ϩ ,4 Ϫ ) was defined when nonoverlapping block-size ranges within the (3,1,3,4) chromosomes were shown to be statistically significant ( ; Student's t-test). An P ! .001 example of a code of the former MSY1 subtype is (3)3(1)13(3)61(4)8, and an example of the latter MSY1 subtype is (3)1(1)13(3)39(4)16. These typing data are summarized in figure 2 and are represented diagrammatically in figure 3 . Note that the percentages of haplogroup frequencies given in the text refer to all 91 chromosomes studied, whereas the pie charts in figure 3 consider only those chromosomes for which MSY1 codes were available. Sample CI185 is classified as a ()4,0,4) chromosome by virtue of its microsatellite haplotype, the characteristic null at the start of the array, and the similarity between its repeat-block sizes and those in the other ()4,0,4) chromosomes. The null repeats appear to have been converted back to type 4 repeats in this chromosome, perhaps by a repeat-homogenization process . Complete typing results, including microsatellite haplotypes, are tabulated in the Appendix (table A1) .
Minimum spanning microsatellite networks for each haplogroup were constructed with the 79 samples for which there were full microsatellite-and biallelic-polymorphism data. MSY1 subtypes were then mapped onto these networks. The final networks are shown in figure 4 . It is important to distinguish between MSY1 subtypes that represent very rare mutational events and those that may have independently evolved multiple times. Subtypes (3,1,3,4) and (1,3,4) are common to haplogroups 24 and 26. They have also both been observed in other haplogroups, which were not found in the present study . Given that a haplogroup defined by a unique mutational event must have been founded by a single chromosome, these MSY1 subtypes have probably arisen independently several times. In addition, there is, in the microsatellite networks, no tight clustering of chromosomes having these MSY1 subtypes. By contrast, the ()4,0,4) and (3,1,3
Ϫ ) MSY1 subtypes have been found only in haplogroup 2 and haplogroup 26 chromosomes, respectively, and only in this region of the world, suggesting that each has a unique origin. In addition, the tight clustering of these chromosomes within the microsatellite networks further supports this conclusion.
Haplogroup 1 Chromosomes
Haplogroup 1 chromosomes were found only in Polynesians, in whom they comprised 9 (27%) of 33 chromosomes in the sample. The nine haplogroup 1 chromosomes have eight different microsatellite haplotypes, and all belong to the same MSY1 subtype, (1,3,4).
Haplogroup 2 Chromosomes
Haplogroup 2 chromosomes are found in both Melanesians and Polynesians, in whom they comprise 3 (5%) of 58 and 19 (58%) of 33 of the Y chromosomes, respectively. Although this haplogroup is found in both populations, it can also be found in most areas of the world (C. Tyler-Smith and A. Pandya, personal communication) and thus, on its own, cannot be taken as evidence of recent common ancestry for the two populations. There are 11 different microsatellite haplotypes in the 22 chromosomes analyzed here, and two different MSY1 subtypes-()4,0,4) and (3,1,3,4)-are represented more than once within this haplogroup. Only one of these MSY1 subtypes, the ()4,0,4) subtype, is found in both Polynesians and Melanesians.
The ()4,0,4) chromosomes found in Melanesians have modular structures different than those found in Polynesian ()4,0,4) chromosomes. The Polynesian chromosomes all have the modular structure (0,1,3,4,0,4), whereas the two ()4,0,4) chromosomes in Melanesians have the modular structures (3,1,3,4,0,4) and (0,3,1,3,4,0,4,0,4). To determine whether these
Figure 2
MSY1 structural diversity within haplogroups defined by rare-event biallelic polymorphisms. Each circle represents a single repeat unit: black circles represent type 3 repeats, white circles represent type 1 repeats, and gray circles represent type 4 repeats. Only the 77 chromosomes with full rare-event, biallelic-polymorphism, microsatellite, and minisatellite data are included. (PNG ϭ Papua New Guineans; CI ϭ Cook Islanders).
Figure 3
Distribution of MSY1 subtypes within Polynesians and Melanesians. Only the 77 chromosomes for which there are full biallelicpolymorphism and minisatellite-typing data are included. The background pattern represents the haplogroup, and color represents MSY1 subtype. Only those MSY1 subtypes that are represented more than once are displayed. "Others" includes all singleton MSY1 modular structures. chromosomes do, indeed, belong to the same lineage cluster, the null repeats from a Cook Islander chromosome (CI140) and from a Papua New Guinean chromosome (7092) were sequenced and shown to be identical. The null repeats at the start of these arrays were both shown to be type 3 repeats modified by a TrA transversion at position 21 within the 25-bp repeat unit. The null repeats near the end of the array were found to be type 2 repeats, which are characterized by having a CrG transversion at position 13 within the repeat, relative to type 4 repeats . Additional support for the common ancestry of these chromosomes comes from their association with a rare short DYS390 microsatellite allele that is found almost exclusively in this region of the world (Forster et al. 1998) .
The other MSY1 subtype found more than once within haplogroup 2 chromosomes is the (3,1,3,4) subtype, which is found in only two chromosomes (6%) in Polynesians. These two chromosomes, along with a third Polynesian haplogroup 2 chromosome that has neither the (3,1,3,4) nor the ()4,0,4) MSY1 modular structure, cluster together in the microsatellite network, perhaps suggesting a recent common ancestry.
Haplogroup 3 Chromosomes
Only a single haplogroup 3 chromosome has been found in this study-in Polynesians, in whom it is found in 1 (3%) of 33 chromosomes in the sample. Haplogroup 3 chromosomes are found in both Europe and Asia (as haplotype "1D" in the work of Hammer et al. [1998] ) and have also been found at low frequency in Indonesians (M. E. Hurles, unpublished data).
Haplogroup 24 Chromosomes
This group of Y chromosomes was found in 37 (64%) of 58 chromosomes in the Papua New Guinean sample but not at all in the Polynesian sample. Previously, haplogroup 24 chromosomes had been found in Papua New Guineans and at low frequency in Indonesians (Underhill et al. 1997 ; M. E. Hurles, unpublished data). There are 24 different microsatellite haplotypes in the 30 chromosomes that have full microsatellite haplotypes. Two different MSY1 subtypes are found in these chromosomes. By far the most frequent MSY1 subtype is (3,1,3,4), found in 21 of 28 chromosomes with identified MSY1 structure. The (1,3,4) MSY1 subtype is found in four of the remaining seven chromosomes.
The question arises as to whether the mutation defining haplogroup 24 occurred prior to or after the colonization of Polynesia. The absence of such chromosomes in Polynesians might constitute significant evidence of reduced diversity. Consequently, microsatellite diversity was used to date the origin of these chromosomes, so as to compare this date with that of the initial migration into Polynesia, which, on the basis of archaeological evidence, has been deduced to be ∼3,000 YBP. Two different dating methods were used.
In the first approach (Bertranpetit and Calafell 1996) , a rooted maximum-parsimony tree (not shown) was constructed from the pairwise comparisons between compound microsatellite haplotypes. The root of the tree was placed at haplotype 44, on the basis of the modeallele length at each locus (see Subjects and Methods section). Haplogroup 26 is ancestral, but it could not be used as an outgroup for the purpose of rooting, because
Figure 4
Microsatellite networks for individual haplogroups. Numbered circles and squares represent compound microsatellite haplotypes; small black circles represent intermediate haplotypes not observed in this sample set. Color indicates MSY1 subtype. All 79 chromosomes for which there are complete microsatellite and biallelic-polymorphism data are included.
there are multiple equally parsimonious links between the networks of the two haplogroups. The average number of mutations per locus is calculated from the root to every haplotype in the tree, with consideration of the number of times that that haplotype is represented in the sample. A generation time of 25 years (Thomas et al. 1998 ) and a mutation rate of /locus/gen-Ϫ3 2.1 # 10 eration for Y-chromosome microsatellites (Heyer et al. 1997 ) was used to convert the calculated figure of 0.38 mutations/locus/generation to a time of origin of ∼4,400 YBP for this base substitution. Factoring in the 95% confidence limits, , of the microsatellite Ϫ3 0.6-4.9 # 10 mutation rate gives an interval of 1,900-15,300 YBP (Heyer et al. 1997) .
The second approach (Goldstein et al. 1996) relies on the variance of linked microsatellite loci and assumes a single-step-mutation model. As long as the observed variance can be shown to be significantly different from that expected at mutation/drift equilibrium, the time taken for the variance to accumulate since its initial value of zero can be calculated. Given a mutation rate of /locus/generation and an effective population Ϫ3 2.1 # 10 size of 4,500 (Goldstein et al. 1996) , the variance expected at mutation/drift equilibrium is 9.4, with 95% confidence limits of 4.2-18.4. The variance observed in our sample is 0.45, with 95% confidence limits of 0.36-0.56. This gives a time to the origin of this haplogroup (i.e., when variance was zero) of ∼5,500 YBP, with 95% confidence limits of 3,500-5,450 YBP. If the 95% confidence limits for the mutation rate are factored into the equations, an expanded interval of 2,000-30,400 years is obtained. Despite the difference in the various estimates of haplogroup age, it seems likely, on the basis of microsatellite haplotype diversity, that this mutation predates the migration into Polynesia, 3,000 YBP. Preliminary attempts were also made to use MSY1 diversity for dating, by treating each block of repeat types as an independent repeat locus, analogous to a microsatellite, with the mutation rate of each block proportional to the number of repeats within the block and with a mutation rate range of 2%-11% for the entire array . By means of the first method described above, an age range of 1,200-12,700 YBP is obtained. The latter method gives an age range of 2,300-54,400 YBP. The midpoint mutation rate within the aforementioned range (6.5%) gives absolute ages for haplogroup 24 that agree very well with those from microsatellite dating (data not shown).
Haplogroup 2 is defined by the polymorphism SRY-1532, which, on the basis of both its wide geographic distribution (Jobling and Tyler-Smith 1995; C. TylerSmith and A. Pandya, unpublished data) and MSY1 diversity , is thought to be a relatively old haplogroup and was not dated by means of the microsatellite data, because mutation/drift equilibrium renders such dating methods unable to resolve suitably far back in time. The sample size for haplogroup 1 is too small for a reasonable attempt at dating. We would also like to date the origin of the ()4,0,4) MSY1 subtype chromosomes; however, the small sample size and the obvious occurrence of a bottleneck in the Polynesian chromosomes would render any such dating inaccurate.
Haplogroup 26 Chromosomes
Haplogroup 26 chromosomes have been found in 3 (9%) of 33 chromosomes in Polynesians and in 13 (22%) of 58 chromosomes in Melanesians. Within this haplogroup, there are three main subgroups-(3,1,3,4), (1,3,4), and (3,1,3 ϩ ,4 Ϫ )-defined by different MSY1 subtypes. Of these subgroups, only the last is shared between the Melanesian and Polynesian populations; the others are found solely in Melanesians. As discussed above, the (3,1,3 ϩ ,4 Ϫ ) subtype defines a unique Y-chromosomal lineage. There are three different microsatellite haplotypes among the four (3,1,3 ϩ ,4 Ϫ ) chromosomes in Melanesians, whereas all three (3,1,3 ϩ ,4 Ϫ ) chromosomes in Polynesians share the same microsatellite haplotype.
Discussion
The present study illustrates the informative capacity of a genealogical approach to Y-chromosomal analysis and is also the first application of MVR-PCR coding of the minisatellite MSY1 to address a specific issue in human evolution. If we consider all 77 chromosomes for which we have obtained complete typing data, there are 59 different microsatellite haplotypes and 66 different MSY1 codes. Although MSY1 modular structures can be good predictors of lineage clusters P. G. Taylor, unpublished data) , no single polymorphic system can distinguish between all the lineage clusters observed in our sample set, and this emphasizes the advantage in the use of different polymorphic systems in conjunction. When the data from MSY1 and the seven-locus microsatellite haplotype are combined, 70 different compound haplotypes of 77 chromosomes are differentiated. Thus, almost all chromosomes can be distinguished from one another.
What can we say about Papua New Guinean Y-chromosomal diversity? Haplogroup 26 is well represented in coastal Papua New Guinea, and, to judge on the basis of its abundance in eastern Asia (M. E. Hurles and C. Tyler-Smith, unpublished data), it is probably derived from the Southeast Asian migration that contributed the majority of Polynesian mtDNA samples. Haplogroup 24 chromosomes, which represent the majority of Melanesian Y chromosomes, are derived from haplogroup 26, and their geographic distribution (Underhill et al. 1997) suggests that they originated in this region of the world, most probably in Papua New Guinea itself.
Haplogroup 24 is not found in the Polynesian sample, but, although the microsatellite diversity potentially indicates an origin for haplogroup 24 chromosomes that predates the colonization of Polynesia, 3,000 YBP, the confidence limits are such that we cannot be certain about this. In addition, even though the origin of haplogroup 24 chromosomes may predate the colonization of Polynesia, at the time of the colonization the frequency of haplogroup 24 is likely to have been substantially less than it is at the present time. Consequently, the absence of haplogroup 24 chromosomes from Polynesians cannot be taken as evidence of bottleneck events. However, there is a reduction of diversity, within both the ()4,0,4) and (3,1,3 ϩ ,4 Ϫ ) MSY1 subtypes, between Papua New Guineans and Polynesians, and this is most probably due to the multiple population bottleneck events that accompanied the colonization of Polynesia. This picture of reduced diversity in Polynesians compared with Melanesians is common to nearly all genetic studies of the region, independent of the locus studied (Flint et al. 1989; Sykes et al. 1995) .
If the blocks of MSY1 repeat-unit variants are considered to be independent loci with mutation rates proportional to their sizes, the use of MSY1 diversity to date haplogroup 24 generates ranges of ages that agree well with those derived from microsatellite data. In the future, greater empirical knowledge about the mutation dynamics of this locus will allow more-sophisticated dating analyses.
What are the possible origins of the three major lineage clusters found in Polynesians? Clearly, the haplogroup 2 chromosomes with the ()4,0,4) MSY1 subtype and the haplogroup 26 chromosomes with the (3,1,3 ϩ ,4 Ϫ ) MSY1 subtype found in Polynesians share a recent common origin with those found in Melanesians.
Together, these account for 55% of the Polynesian Y chromosomes in this study.
Haplogroup 1 chromosomes, which comprise 27% of the Polynesian Y chromosomes in this study, are not found in our Melanesian sample. From where have these Y chromosomes come? Haplogroup 1 chromosomes are found at high frequency in Europeans and at low frequency in Asians and peoples of the Americas (Santos and Tyler-Smith 1996; C. Tyler-Smith and A. Pandya, personal communication) . Within haplogroup 1, the MSY1 subtype (1,3,4) is found at appreciable frequencies only in Europeans and peoples of the Americas, with Asian chromosomes belonging almost exclusively to the (3,1,3,4) subtype ). In addition, in a microsatellite network of haplogroup 1 Y chromosomes, the Polynesian Y chromosomes cluster closely with the European and not with the Asian Y chromosomes (M. E. Hurles, unpublished data). Thus, we can discount an Asian origin for these haplogroup 1 chromosomes. The majority (90%) of indigenous Y chromosomes in South Americans have the derived form of the DYS199 polymorphism (Underhill et al. 1996) . Haplogroup 1 chromosomes do not carry this base substitution and, consequently, represent only a small minority of South American Y chromosomes. In contrast, haplogroup 1 chromosomes of the (1,3,4) MSY1 subtype are the most common type of Y chromosome in western Europeans , representing approximately twothirds of all Y chromosomes within this region (Santos and Tyler-Smith 1996;  M. E. Hurles, unpublished data). Within our Polynesian sample, we do not observe any Y chromosomes that have the derived form of DYS199. Thus, in this study there is no evidence for a Native American contribution to the Polynesian Y-chromosomal pool. It therefore seems likely that the haplogroup 1 chromosomes found in the Polynesians have a recent European origin.
If the haplogroup 1 chromosomes are indeed European in origin, then we should also expect to see in Polynesians some other haplogroups that are found at appreciable frequencies in western European populations. Haplogroup 2 chromosomes belonging to the (3,1,3,4) subtype are the other major type of Y chromosome found in western Europeans, representing approximately one-quarter of all Y chromosomes from this population ). The Polynesian sample contains two of these chromosomes, and the Melanesian sample contains none.
Thus, the Polynesian sample contains two types of chromosomes that are neither found within the Melanesian sample nor known to be common in Southeast Asians in general (M. E. Hurles, C. Tyler-Smith, and A. Pandya, unpublished data). These two types of Y chromosome represent the most common types found in western Europe. Indeed, in Polynesians these chromosomes are found in approximately the same ratio at which they are present in western European populations, providing additional evidence for recent European admixture. In summary, 55% of Polynesian Y chromosomes can be traced to Melanesians and have Southeast Asian origins, 33% (i.e., haplogroup 1 and [3,1,3,4] haplogroup 2 chromosomes]) appear to be European in origin, and 12% remain of indeterminate origin.
This study illustrates the power of the phylogeographic approach to population-structure analysis using the Y chromosome. The use of microsatellite data alone in Y-chromosome studies of this region of the world will not differentiate between European and genuine Polynesian Y chromosomes. Attempts that investigate paternal relationships within this region of the world (Lum et al. 1998 ) but that do not take into account this substantial European contribution run the risk of obscuring, with the "noise" of recent admixture, the real patterns of prehistoric population movements and, thus, of potentially drawing spurious conclusions.
This study is also a dramatic example of the advantages of combining the Y-chromosomal results with mtDNA data from the same samples. Comparisons of Y-chromosomal and mtDNA data have previously been used to characterize ethnic introgression within Native American (Bianchi et al. 1997 ) and African-derived populations. In the Polynesian population studied here, although almost all maternal lineages are derived from native Polynesian ancestors, at least one-third of Y chromosomes are probably of recent European origin. Studies of human leukocyte antigen (HLA) haplotypes in Oceania have identified 5%-10% as being of recent caucasoid admixture (Serjeantson 1989) . Analysis of autosomal loci, such as HLA, will always reflect an average of maternal and paternal contributions. By contrast, the current study, in combination with the earlier mtDNA analysis, vividly demonstrates the differential input from males and females. In the case of Polynesians, the predominantly paternal route for European admixture can be explained by the exclusively male composition of the postcontact groups, which included sailors, traders, whalers, and missionaries. 
